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Systematical studies of post-collisional igneous rocks in the Dabie orogen suggest that the thickened mafic lower crust of the oro-
gen was partially melted to form low-Mg# adakitic rocks at 143–131 Ma. Delamination and foundering of the thickened mafic 
lower crust occurred at 130 Ma, which caused the mantle upwelling and following mafic and granitic magmatic intrusions. Mig-
matite in the North Dabie zone, coeval with the formation of low-Mg# adakitic intrusions in the Dabie orogen, was formed by partial 
melting of exhumed ultrahigh-pressure metamorphic rocks at middle crustal level. This paper argues that the partial melting of 
thickened lower and middle crust before mountain-root collapse needs lithospheric thinning. Based on the geothermal gradient of 
6.6°C/km for lithospheric mantle and initial partial melting temperature of ~1000°C for the lower mafic crust, it can be estimated 
that the thickness of lithospheric mantle beneath thickened lower crust has been thinned to <45 km when the thickened lower crust 
was melting. Thus, a two-stage model for mountain-root removal is proposed. First, the lithospheric mantle keel was partially 
removal by mantle convection at 145 Ma. Loss of the lower lithosphere would increase heat flow into the base of the crust and 
would cause middle-lower crustal melting. Second, partial melting of the thickened lower crust has weakened the lower crust and 
increased its gravity instability, thus triggering delamination and foundering of the thickened mafic lower crust or mountain-root 
collapse. Therefore, convective removal and delamination of the thickened lower crust as two mechanisms of lithospheric thin-
ning are related to causality. 
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Mountain-root removal in collisional zones is an important 
geodynamic process that can cause mantle upwelling, post- 
collisional magmatism, and mineralization. Foundering of 
mafic thickened lower continental crust (LCC) during 
mountain root removal process plays an important role in 
the crustal evolution and recycling. 
Two models have been proposed for the process and 
mechanism of mountain-root removal in collisional zones: 
(1) delamination and foundering of the thickened LCC [1], 
and (2) the convective removal of mantle lithosphere keel 
[2]. The first one can explain the relevant intense magmatism, 
coupled with recycling of lower continental crustal materials 
in orogenic belt. It is, however, very difficult to imagine 
that the limited negative buoyancy produced by eclogitic 
LCC no more than 30 km thick together with 100–150 km 
thick mantle lithosphere with a low density can cause the 
break and delamination of the dry LCC rocks. The second 
one can easily explain the removal of the lithospheric 
mantle root, but requires the thinning of the thickened crust 
following the removal of lithospheric keel. No partial 
melting and recycling of thickened LCC, thus, would be 
expected. 
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The Dabie orogen provides the best case to study this 
issue. The ultrahigh-pressure metamorphic (UHPM) rocks 
in this orogen demonstrate that the continental crust has 
been subducted to >100 km depth during the continental 
collision. However, current crustal depth of the Dabie 
orogen is 35–40 km without a thickened mountain root 
underneath, suggesting that mountain root of the Dabie 
orogen has been removed by a certain geological event. The 
Dabie orogen is a cold collisional orogen. No magmatism 
had occurred from the early Triassic, the beginning age of 
continental collision between the North China and South 
China Blocks, to the early Cretaceous. This suggests the 
preservation of mountain root during this period. Intensive 
early Cretaceous magmatism related to the mountain root 
removal in the Dabie orogen provides good conditions to 
study the process and mechanism. 
1  Geochemistry of post-collisional granites in 
the Dabie orogen 
1.1  Identification of partial melts from thickened LCC 
Geochrologically, Dabie post-collisional granites can be 
divided into two groups: early granites (143–131 Ma) and 
late granites (131–117 Ma). Previous studies have found 
that the early granites in the Dabie orogen have high Sr/Y 
and La/Yb features whereas the later ones do not have, 
suggesting the early granites as adakitic rocks [3–6]. High 
Sr/Y and La/Yb features, however, can also be found in 
normal granites with other petrogenesis [7–16], and thus do 
not convincingly indicate that the early granites are partial 
melts of thickened LCC. He et al. [17] found that Dabie 
early high Sr/Y granites define special trends in Sr-SiO2 and 
Sr-CaO patterns with higher Sr contents compared to the 
late normal granites, and have positively correlated, 
variably with high (La/Yb)N, Sr/Y, (Dy/Yb)N and Nb/Ta 
(Figure 1). These features can only be explained by crustal 
partial melting leaving a residue that contains much garnet, 
trace rutile, but no plagioclase, indicating crustal depth >50 
km. This suggests that thickened mafic LCC was still 
present at 143–131 Ma, and partially melted to produce 
low-Mg# adakitic rocks [17]. The new criteria propsed by 
He et al. [17] could be used to identify low-Mg# adakitic 
rocks from those with high Sr/Y fearture but non-high 
pressure origin ones, and implication for the literature data 
suggests that such non-high pressure high Sr/Y granites can 
be efficiently identified . 
1.2  Constraints on the timing of mountain-root 
removal 
High (La/Yb)N, Sr/Y, (Dy/Yb)N and Sr/Ca features, in- 
dicating partial melting of thickened LCC, disappeared in 
the Dabie post-collisional granites after 130 Ma (Figure 2). 
This suggests that the thickened LCC has disappeared 
beneath the Dabie orogen since 130 Ma, and the later 
granites were produced by partial melting of lower-middle 
crust in normal depths leaving a plagioclase-rich residue. 
This transition era is consistent with the emplacement age 
of mantle-derived mafic intrusions at 131–123 Ma (Figure 
2), reflecting the mantle upwelling as a response to 
foundering of the thickened LCC [6,18–22]. In addition, the 
post-collisional mafic intrusions in the Dabie orogen have 
Sr-Nd isotopes similar to low-Mg# adakitic rocks, which 
also indicates an upwelling mantle hybridized by the 
foundered LCC [18]. Therefore, mountain root of the Dabie 
orogen collapsed at ca. 130 Ma [17]. 
Mountain-root removal and foundering of thickened 
mafic LCC not only caused mantle upwelling and mafic 
magmatism, but also induced partial melting of lower- 
middle crust of the orogen, producing the large volume of 
granitc magmas after 130 Ma [4,5,17,23]. Although ore 
resources are scarce in the central Dabie zone where 
nowadays middle-lower crust is exposed due to uplifting 
and erosion by magma doming [24–26], the Cretaceous 
giant Mo deposit discovered in the North Dabie zone and 
the North Huaiyang zone indicates that the mountain root 
removal process may help  mineralization [26]. Partial 
melting of thickened LCC that occurred prior to the 
mountain root removal must have weakened the LCC and 
increased the gravity instability, which could be an 
important trigger to detach the thickened LCC from the 
upper crust. In contrast, there was no magmatism before 
143 Ma in the Dabie orogen, when eclogitic mafic LCC 
could not be detached and foundered due to its high strength 
despite the gravity instability. 
2  Geochemistry of Dabie migmatites: evidence 
for partial melting of exhumed UHPM slices at 
middle crust  
Previous studies suggest two stages of migmatization in the 
North Dabie zone. The white and deformed leucosome 
occurs as the early stage with an age of ca. 139 Ma, whereas 
the light pink dikes occur at ca. 123 Ma as the late stage 
without deformation [27]. Since the early stage migmatites 
have the same formation age as the low-Mg# adakitic rocks, 
we focus on the question whether or not the leucosomes 
have the same geochemical features and sources with the 
low-Mg# adakitic rocks. Below, we briefly introduced the 
geochemistry and formation conditions of the early stage 
leucosome, which have been studied by Wang et al. [15]. 
2.1  Geochemical classification of the leucosome  
Leucosome of the early stage migmatite can be divided into 
three groups according to their geochemical features: (1) 
high (La/Yb)N, medium Sr/Y group; (2) low (La/Yb)N, Sr/Y 
group; and (3) high (La/Yb)N, high Sr/Y group with strong  
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Figure 1  (a) and (b) Dabie low-Mg# adakitic rocks (HSG) and normal granites (NG) define two separate trends with high Sr and low Sr contents respec-
tively in the Sr-SiO2 and Sr-CaO patterns [17]. Enc represents the mafic enclaves in the granites. (c)–(f) Sr/Y, (Dy/Yb)N and (La/Yb)N, as well as Nb/Ta and 
(Dy/Yb)N are positive correlated for low-Mg adakitic rocks. UCC, LCC, and BCC represent the upper, lower and bulk continental crust, respectively. Ex-
plaination of few outliers (e.g., Fuziling, 07LD-4, 07DT-1-1, 07DT-2) is referred to [17]. 
positive Eu anomaly. Groups (1) and (3) are plotted in the 
adakite field in the (La/Yb)N-YbN and Sr/Y-Y diagrams, but 
both are non-high pressure origin. Group (3) has lower 
(Dy/Yb)N and higher Sr/Y than low-Mg
# adakitic rocks at a 
given (La/Yb)N. Given the strong positive Eu anomaly and 
the fractional crystallization trend in the An-Ab-Or pattern, 
they are resulted from plagioclase accumulation. Group (1) 
is mainly made of stromatic leucosomes with high (La/Yb)N 
and (Dy/Yb)N ratios, indicating garnet or amphibole as the 
residual phases. However, at the given CaO content, the 
first group has relatively lower Sr content and Sr/Y ratio 
compared to the low-Mg# adaktic rocks, suggesting a 
plagioclase-rich source region instead of a garnet-rich, 
thickened lower crustal eclogitic source. Group (2), the 
diatexis leucosomes, is characterized by low (La/Yb)N, 
(Dy/Yb)N and Sr/Y ratios, which suggests no residual garnet 
or amphibole in the source during partial melting. In 
summary, the leucosomes are produced by middle crustal 
partial melting rather than thickened lower crustal melting. 
2.2  Partial melting conditions of migmatite  
Large and euhedral amphibole in leucosome indicates that it 
was crystallized from the melt rather than a residual mineral.  
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Figure 2  Disappearing of high (La/Yb)N, Sr/Y, (Dy/Yb)N and Sr/CaO in Dabie post-collisional granites at ca. 130 Ma [17]. The vertical lines 1, 2 and grey 
fields represent the ages and 2σ range of Shacun (125±2 Ma) and Jiaoziyan (127±3 Ma) mafic plutons. 
Considering that amphibole contains plagioclase + quartz 
inclusions, the melting reaction can be expressed as 
Bt + Pl + Qtz + fluid  Hbl + melt [28,29] 
In such reaction, biotite and plagioclase are residual 
phases, while amphibole is the peritectic phase. The reactant 
mineral assemblage indicate a felsic gneiss as the source. 
Based on Hbl-Pl geothermometer [30] and Al-in-amphibole 
barometer [31], the calculated melting condition is 706– 
774°C at 0.5–0.7 GPa, corresponding to the depth of middle 
orogenic crust (20–25 km). Furthermore, leucosomes have 
low Rb and high K/Rb compared to adakitic and normal 
granites. This may be caused by the residual biotites which 
have high Rb and low K/Rb. Biotite presented as a residue 
mineral during partial melting indicates that migmatites were 
formed by middle crustal rather than thickened LCC melting.  
Recent geochronology studies show the North Dabie 
UHPM slices has been exhumed to middle crust at 191–200 
Ma, and has experienced amphibolite-faices retrograde 
metamorphism [32], corresponding to the metamorphic 
temperature of 400–500°C. Therefore, partial melting of the 
exhumed UHPM rocks in the North Dabie zone at middle 
crust lavel in early Cretaceous also require a external heat 
source. Middle crustal migmatization and partial melting of 
thickened LCC producing adakitic rocks both could be the 
response to this heating event. Then, here comes the fol- 
lowing questions: why did partial melting of the thickened 
crust occur prior to the mountain-root removal and 
mantle-upwelling, and where was the heat from? 
3  How did the middle-lower crust of the Dabie 
orogen get hot in the early Cretaceous?  
Taking the middle crust as an example, the early Cretaceous 
partial melting of the Dabie middle crust occurred at 
700–800°C, while the normal temperature of middle crust is 
generally 400–500°C, suggesting a temperature increase of 
300°C in the Dabie middle crust. Three possible processes 
contributed to the heat of middle crust could be proposed:  
(1) radiogenic heat production in a thickened crust; (2) heat 
conduction by intrusive magmas from deeper sources; and 
(3) lithospheric mantle thinning, which can increase the 
geothermal gradient in mantle lithosphere. As discussed 
below, the mechanism (3) is preferred, while the mechnisms 
(1) and (2) are unlikely. 
3.1  Radiogenic heat production of thickened crust is 
unlikely to cause early Cretaceous partial melting of 
Dabie middle crust  
Crustal temperature of collisional zones is generally elevated 
at the first 60 Ma after the crustal thickening by radiogenic 
decay of U, Th and K; then crustal temperature would return 
to initial level because of losing heat by erosion [33]. 
Breakoff of the subducted slab occurred at ~226 Ma in the 
Dabie orogen, and then UHPM slices exhumed and crustal 
shortening would make a thickened crust at ca. 220–210 Ma. 
According to the modeling [33], a peak temperature should 
be reached at 160–150 Ma. However, no late Jurassic 
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magmatism has been found in the Dabie orogen, suggesting a 
low radiogenic heat production (<2.5 μW/m3) [33]. The 
erosion rate of orogens is an important factor limiting the 
crustal temperature elevation. The erosion rate was large in 
the Dabie orogen, because the materials from the Dabie 
orogen, including a large volume of UHPM rocks and 
minerals, began to deposit in the Hefei basin in the early 
Jurassic, indicating UHPM rocks has been exposed to surface 
by erosion [34]. Therefore, erosion could make the middle 
crustal temperature return to a normal level (400–500°C) at 
140 Ma in the orogen [33]. Consequently, radiogenic heat 
production can not be the heat source of partial melting of the 
middle and thickenend crust in the Dabie orogen. 
3.2  Adakitic magmatic intrusion as a heat source  
No mafic magmatism occurred before 130 Ma in the Dabie 
orogen. Magmatic intrusions from deeper sources were only 
adakitic intermediate to felsic ones. They were emplaced 
not only in the North Dabie zone, but also in the North 
Huaiyang zone, the Central Dabie zone, and the South 
Dabie zone. However, except for the North Dabie zone, no 
migmatites occurred at the other zones. Therefore, it is 
unlikely to heat the country rocks resulting partial melting 
in the middle crust by the emplacement of adakitic rocks. 
3.3  Elevated temperature of thickened LCC by 
lithospheric mantle thinning  
Since the temperature elevation as high as 700–800°C in the 
Dabie middle crust cannot be caused by radiogenic heat 
production and adakitic intrusions, the possible heat source 
from the upper mantle should be evaluated. Crustal 
geothermal modeling reveals that given the crustal thickness 
increases from 35 to 70 km while keeping the mantle 
lithospheric thickness constant (115 km), the temperature at 
the bottom of thickened LCC (Moho) never exceed 800°C 
[33]. Therefore, the mantle lithosphere underneath the 
orogen must be thinning first, the temperature of thickened 
mafic LCC can only be elevated to 900–1000°C, which led 
to the initial partial melting by mantle lithosphere thinning. 
This mantle lithosphere thinning should be caused by 
removal of lithospheric keel rather than extensional thinning, 
because lithosphere extension can not only make the mantle 
lithospheric thinning but also the crustal thinning, ex- 
pectably without adakitic rocks derived from partial melting 
of thickened LCC.  
4  An estimation of the lithospheric thinning 
extent and two-stage model for mountain-root 
removal 
If partial melting of the Dabie thickened crust in the early 
Cretaceous was introduced by conductive heat from the 
upper mantle, we could make estimation for the extent of 
lithospheric mantle thinning. Geothermal gradient of 
cratonic mantle lithosphere has been determined to be ca. 
6.6°C/km [35]. Because of the depletion of radiogenic heat- 
production elements, the geothermal gradient in the mantle 
lithosphere is dominated by heat conduction from the 
asthenosphere. Given that the temperature of the bottom of 
mantle lithosphere is about 1300°C [35], the depth of the 
lithospheric mantle could be ≤45 km, given partial melting 
temperature of thickened LCC is 1000°C [36]. If the 
thickened crustal thickness was 70 km, the thinned whole 
lithosphere thickness should be 115 km, similar to that of 
normal lithosphere. This means the mantle lithospheric keel  
beneath the Dabie orogen had been removed prior to the 
early Cretaceous. Because of the lack of mafic magmatism 
in the Dabie orogen in the early Cretaceous, the mantle 
lithospheric keel removal process could be reasonably 
described by asthenosphere convective removal model [2]. 
Based on the results and considerations mentioned above, 
a two-stage model can be proposed for the mountain root 
removal for the Dabie orogen. The South China Block and 
the North China Block kept convergent movement from the 
Triassic to the Jurassic, which led to thickening of the crust 
and lithospheric mantle in the Dabie collision zone (Figure 
3(a)). The thickened mantle lithospheric keel dipped into 
the asthenospheric mantle. The temperature gradient 
between the cold lithospheric keel and surrounding hot 
asthenospheric mantle caused the upper mantle convection 
(Figure 3(b)). This mantle convection would cause 
instability of the lithospheric keel that finally to be removed 
by the mantle convection at ~145 Ma [2]. This mantle 
convection removal process could make the lithospheric 
mantle thinned to depth ≤45 km beneath the thickened 
orogen crust (Figure 3(c)). The uplift of the boundary 
between the lithospheric and the asthenospheric mantle 
elevated the geothermal gradient of mantle lithosphere and 
thus the temperature of lower to middle crust. This induced 
the initial partial melting and produced the low-Mg# 
adakitic magmatism from the thickened lower crust and 
migmatites in the middle crust (Figure 3(c)). Partial melting 
of the thickened LCC would not only weaken the strength 
but also increase the density of the LCC. This triggered the 
delamination and foundering of the thickened mafic LCC 
and mountain root removal, which caused the upper mantle 
upwelling and partial melting of the middle to lower crust 
that have not foundered and produced the post-collisional 
mafic magmas and normal granites (Figure 3(d)). The 
two-stage model for the Dabie mountain root removal may 
have more common implications for the processes and 
mechanism of lithospheric thinning. It suggests that the 
asthenospheric convecting removal and delamination of 
thickened LCC as two mechanisms of lithospheric thinning 
are related to causality. 
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Figure 3  Two stage mountain root collapse model in the Dabie orgen. 
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